The 15 years since the discovery of fetal DNA in maternal plasma have witnessed remarkable developments in noninvasive prenatal diagnosis. An understanding of biological parameters governing this phenomenon, such as the concentration and molecular size of circulating fetal DNA, has guided its diagnostic applications. Early efforts focused on the detection of paternally inherited sequences, which were absent in the maternal genome, in maternal plasma. Recent developments in precise measurement technologies such as digital polymerase chain reaction (PCR) have allowed the detection of minute allelic imbalances in plasma and have catalyzed analysis of single-gene disorders such as the hemoglobinopathies and hemophilia. The advent of massively parallel sequencing has enabled the robust detection of fetal trisomies in maternal plasma. Recent proof-of-concept studies have detected a chromosomal translocation and a microdeletion and have deduced a genome-wide genetic map of a fetus from maternal plasma. Understanding the ethical, legal, and social aspects in light of such rapid developments is thus a priority for future research. 
INTRODUCTION
Prenatal diagnosis is an established part of modern obstetrics practice. However, for the direct analysis of fetal DNA, conventional methods require the invasive sampling of fetal tissues using techniques such as amniocentesis Discovery of circulating fetal RNA (80) Detection of fetal point mutation in maternal plasma (82) Rapid clearance of circulating fetal DNA following delivery (63) Introduction of fetal RHD genotyping as a clinical service in the United Kingdom (39) Development of DNA methylation markers for circulating fetal DNA (79) Detection of placental mRNA in maternal plasma (73) Finding that fetal DNA is shorter than circulating maternal DNA (11, 54) Development of hypomethylated SERPINB5 as the first universal fetal DNA marker (16) Detection of trisomy 18 by epigenetic allelic ratio method (89) Development of massively parallel sequencing for trisomy detection (19, 35) Development of relative mutation dosage for monogenic diseases (67) Detection of trisomy 21 by RNA-SNP method (62) Development of digital PCR for fetal aneuploidy detection (36, 60) Genome-wide identification of fetal DNA methylation markers (76) Decoding of fetal genome-wide genetic map from maternal plasma (57) Large-scale validation of massively parallel sequencing for aneuploidy detection and introduction as clinical service (18, 32, 51, 75, 84) 
Figure 1
Time line of key developments in the research and clinical applications of cell-free fetal nucleic acids in maternal plasma. Abbreviations: PCR, polymerase chain reaction; SNP, single-nucleotide polymorphism.
or chorionic villus sampling. Such methods are associated with a small but definite risk to the fetus and the mother (33, 70, 87) . Such risks have motivated the search for noninvasive prenatal diagnosis methods over the past several decades. Methods such as ultrasound scanning and maternal serum biochemistry are valuable for determining the risks of pregnant women for a number of abnormalities-e.g., fetal trisomy 21 (68)-but cannot allow the direct analysis of fetal DNA. As a result, they are limited in sensitivity and specificity compared with direct methods such as amniocentesis. For a number of years, many groups around the world have searched for fetal nucleated cells in maternal blood. However, the rarity of such cells (8) has severely limited the practicality of this approach. Indeed, in a large multicenter study aimed at the enrichment of such cells for noninvasive prenatal diagnosis, the sensitivity and specificity of this approach were disappointing (7) .
In 1997, inspired by the presence of cellfree tumor DNA in the plasma and serum of cancer patients (13, 71) , Lo et al. (58) showed that cell-free fetal DNA is present in the plasma and serum of pregnant women. They demonstrated this phenomenon by showing the presence of Y chromosomal DNA sequences in the plasma and serum of women carrying male fetuses. Since then, the discovery of cell-free fetal DNA in maternal plasma has opened up new possibilities for noninvasive prenatal diagnosis. Figure 1 summarizes the time line for key developments in this field.
BIOLOGY OF FETAL DNA IN MATERNAL PLASMA
Through the use of real-time polymerase chain reaction (PCR) for Y chromosomal sequences, circulating cell-free fetal DNA has been found to be present in maternal plasma at surprisingly high absolute and fractional concentrations, the latter reaching a mean of 3%-6% (61) . The recent use of even more precise methods of quantification, such as digital PCR and massively parallel DNA sequencing, has shown the fractional fetal concentrations in maternal plasma to be some two-to threefold higher (18, 65, 75) . The latter figures are particularly good news for diagnostic applications that require the use of precise quantification-e.g., the detection of fetal chromosomal aneuploidiesand are discussed in detail below. As gestational age progresses, the absolute concentrations of circulating fetal DNA in maternal plasma increase, probably owing to the increased mass of fetal tissues that are releasing DNA into the maternal circulation (3, 61) .
Following delivery, fetal DNA in maternal plasma decreases extremely rapidly, with a mean half-life of approximately 16 min (63) . Such rapid clearance kinetics suggests that cellfree fetal DNA in maternal plasma would not persist from one pregnancy to the next. This information is important for prenatal diagnostic purposes because possible persistence from prior pregnancies would adversely impact the accuracy of prenatal diagnosis carried out using maternal plasma DNA. Indeed, the lack of persistence of cell-free fetal DNA in maternal plasma represents the majority opinion of groups working in the field (4, 46, 85) . There is, nonetheless, one report of the apparent persistence of fetal DNA in maternal plasma following delivery (47) . The result from this latter report might be an artifact of the detection of persisting fetal nucleated cells rather than cellfree fetal DNA (50) . Another piece of evidence consistent with the lack of persistence of circulating fetal DNA can be found in the high diagnostic accuracy of prenatal tests based on the detection of this source of fetal DNA (18, 26, 40, 59, 75) . Such accuracy would not have been possible if fetal DNA persistence were a prominent feature of fetomaternal trafficking of cell-free nucleic acids.
The most likely source of circulating fetal DNA in maternal plasma is the placenta. There are a number of lines of evidence that point toward this conclusion. First, circulating fetal DNA molecules have been shown to bear placental epigenetic signatures (10, 14, 16, 20, 74, 77, 91) . Second, in anembryonic pregnancies that lack a fetus but possess a placenta, the fetal DNA concentrations in maternal plasma appear to be similar to those in normal pregnancies (2) . Third, in cases in which the fetus and placenta exhibit different chromosomal constitutions, e.g., in confined placental mosaicism, the placental genetic signature is consistent with that in the maternal plasma DNA (41, 69) .
The source of the maternally derived DNA in maternal plasma during pregnancy has not been directly elucidated. However, in a sex-mismatched bone marrow transplantation model system, it has been shown that the sex genotype of the plasma DNA follows that of the transplantation donor (64) . This result shows that the predominant source of plasma DNA in bone marrow transplantation recipients is hematopoietic in origin. At present, with the absence of data to the contrary, this conclusion has been extrapolated to the pregnancy context. The validity of this assumption can be seen indirectly in the search for fetal DNA methylation and RNA markers for detection in maternal plasma, in which investigators have generally used maternal blood cells as the representative maternal tissue for analysis (14, 74, 76, 93) .
Cell-free DNA in plasma, either during pregnancy or outside pregnancy, has been shown to consist of short DNA fragments (11, 35, 48, 54, 57, 86) . Interestingly, fetal DNA molecules in maternal plasma are shorter than the background maternally derived DNA molecules (11, 54) . Paired-end massively parallel sequencing has allowed the analysis of plasma DNA size distribution at singlenucleotide resolution (57) . Such analysis has shown that the DNA molecules in maternal plasma (mainly maternally derived) have a size distribution that exhibits a number of size peaks. The most prominent peak is at 166 bp. The next prominent peak occurs at 143 bp, followed by a series of smaller peaks at a periodicity of 10 bp. The main difference between the fetal and maternal DNA molecules is due to a reduction of the 166-bp peak; this peak has been postulated to represent the DNA that is wrapped around a nucleosomal core unit (approximately 146 bp) plus a linker fragment of DNA (20 bp) (57) . It has been suggested that the relative reduction of the 166 bp for fetal DNA compared with maternal DNA might be due to a reduction in the proportion of fetal DNA molecules with the intact linker region. The series of peaks at 10-bp periodicity has been suggested to be related to the nucleasemediated cleavage of DNA wrapped around the nucleosome core. The conclusion concerning the size-distribution characteristics of the placentally derived fetal DNA and the presumably hematopoietically derived maternal DNA in plasma has been recently extended to other clinical scenarios. Thus, it has been demonstrated in hematopoietic stem cell transplantation and liver transplantation that nonhematopoietic and hematopoietic DNA molecules in plasma generally take on size-distribution characteristics similar to those of the fetal and maternal DNA, respectively, in maternal plasma (101) . With a detailed understanding of the size distributions of nonhematopoietic and hematopoietic DNA in plasma, it might be possible to devise new strategies for the differential enrichment of circulating DNA of different tissue origins from plasma.
DETECTION OF MONOGENIC CHARACTERISTICS
The following sections review the clinical applications for the use of fetal DNA in maternal plasma and serum for the noninvasive analysis of specific fetal genomic features. The applications that would be the easiest to implement are those involving the detection of DNA sequences that the fetus has inherited from its father and that are absent in the maternal genome. The first example of such an application is the determination of fetal sex through the detection of Y chromosomal DNA sequences from maternal plasma and serum (26, 58, 61, 81) . The determination of fetal sex is useful for the prenatal investigation of sexlinked diseases in which the detection of a male fetus would indicate a potentially at-risk fetus, whereas a diagnosis that the fetus is female would avoid the need for additional invasive prenatal testing (26) . The diagnosis of fetal sex is also useful for the prenatal management of pregnancies at risk for congenital adrenal hyperplasia, in which antenatal dexamethasone treatment could reduce the risk of virilization of a female fetus (81) . The diagnostic performance of fetal sexing using cell-free fetal DNA in maternal plasma and serum has recently been studied in a systemic review and meta-analysis for studies published between 1997 and 2011 (28) . From the analysis of 57 selected studies, involving 3,524 male-bearing pregnancies and 3,017 female-bearing pregnancies, the sensitivity and specificity for fetal sexing are 95.4% and 98.6%, respectively. The study authors conclude that fetal sex could be determined reliably from 7 weeks onward, with diagnostic performance improving with progress in gestational age. In a number of countries, fetal sexing using maternal plasma DNA analysis has already been available for a number of years. Indeed, preliminary cost analysis has suggested that this method of noninvasive prenatal diagnosis compares favorably with conventional invasive methods in terms of cost-effectiveness, with the added advantage of being safer (45) .
Another paternally inherited fetal gene target that has been detected in maternal plasma is the RHD gene (34, 59 ). This approach is useful for the detection of an RhD-positive fetus (who has inherited the RHD gene from its father) carried by an RhD-negative pregnant woman (who typically does not have the RHD gene). Legler et al. (52) reviewed studies describing the use of this approach for fetal RHD genotyping from 2006 to 2008 and found that most studies reported a diagnostic accuracy of over 97%. This high diagnostic accuracy has continued with the more recent publications (1, 25, 96) . Noninvasive prenatal fetal RHD genotyping has been clinically used since 2001 (39) and is currently available in a number of centers in Europe and the United States. This technology has also been found to be highly reliable for noninvasive prenatal RHCE and KEL genotyping (44, 83) .
It is also possible to determine the risk of a fetus being affected by a single-gene disease through maternal plasma DNA analysis. For autosomal dominant disorders, the approach can be used to detect a mutation that the fetus has inherited from its father but that is absent in the mother's genome. One example is the detection of the FGFR3 mutation that causes achondroplasia in maternal plasma (56, 82) . For autosomal recessive disorders, the detection of a paternally inherited fetal mutation that is absent in the pregnant mother's genome would indicate that the fetus has a 50% chance of being affected by the disease (9, 22, 31, 53) . Invasive prenatal testing would thus be required. A number of different technologies have been used for the detection of a paternally inherited fetal mutation, including restriction enzyme digestion (82), allele-specific base extension followed by mass spectrometry (31), size fractionationbased enrichment of fetal DNA and peptide nucleic acid clamping (53), digital PCR (67), and massively parallel DNA sequencing (57) . Conversely, if one could be sure that the paternally inherited fetal mutation is not detectable in maternal plasma despite the presence of detectable levels of circulating fetal DNA, then severe disease in the fetus could be excluded (22) . Ascertaining detectable levels of circulating fetal DNA would require the use of genetic fetal DNA markers [e.g., Y chromosomal markers for a male fetus or single-nucleotide polymorphisms (SNPs)] or DNA methylation markers based on the detection of fetal-specific DNA methylation signatures (10) . Apart from detection of the disease-causing mutation, a complementary approach is to detect one or more SNP alleles that are linked to either the mutant or wild-type gene (21, 31, 99) .
There are two limitations to the abovementioned approach to prenatal diagnosis of autosomal recessive diseases through detection of a paternally inherited fetal mutation in maternal plasma: First, it would not provide information on whether the fetus has inherited the maternal mutation, and second, it could not be used in scenarios where both the father and mother carry the same mutation. However, these limitations can be addressed through precise measurement of the relative dosage of the mutant and wild-type alleles in plasma, an approach called the relative mutation dosage (RMD) method (67, 94) . Figure 2a illustrates this approach for an autosomal recessive condition. Let us consider a situation where the father and pregnant mother of a fetus are both heterozygous carriers of the same disease-causing mutation. In the pregnant mother's plasma, the mutant and wild-type alleles of the disease-causing gene released by her own cells would be present at a ratio of 1:1. Through the liberation of cell-free DNA from the fetus, this allelic ratio may be modified as illustrated in Figure 2a . Thus, if the fetus has inherited the mutant gene from both parents, then the allelic ratio in maternal plasma will be skewed in such a way that the mutant allele would be increased relative to the wild-type allele. Conversely, if the fetus has inherited the wild-type allele from both parents, then the allelic ratio in maternal plasma would show a predominance of the wild-type allele. Finally, if the fetus has inherited one mutant and one wild-type allele from its parents, then the allelic ratio in maternal plasma would remain at 1:1. The extent of allelic skewing positively correlates with the fractional concentration of fetal DNA. This approach could similarly be applied to determine whether the fetus has inherited a mutation from its mother for autosomal dominant conditions. In such a scenario, we would expect the allelic ratio in maternal plasma to be either equal (when the fetus has inherited the maternal mutation) or skewed with more of the wild-type allele (when the fetus has not inherited the mutation).
This strategy can also be applied to sexlinked disorders in which the pregnant mother is a carrier of the disease-causing mutation on one of her X chromosomes (Figure 2b ) (94) . For such conditions, the at-risk fetus is male and would have only one copy of the X chromosome. Thus, instead of three possibilities regarding the status of allelic skewing in maternal plasma, there would be only two. The first is when the male fetus has inherited the mutant allele from its mother, in which case there would be a predominance of the mutant allele in maternal plasma; the second is when the fetus has inherited the wild-type allele from its mother, in which case there would be an overrepresentation of the wild-type allele in maternal plasma. However, for the typical fractional concentrations of fetal DNA in maternal plasma (e.g., 10%), the degree of allelic skewing is low (Figure 2c) . Thus, very precise measurement methods are needed to detect such quantitative aberrations. Digital PCR has been used for this purpose (67, 94) . Targeted massively parallel sequencing is an alternative technology for such an application, as it has been shown to measure the fractional concentration of circulating fetal DNA precisely (55) . RMD analysis is still at a proof-of-concept phase. It is expected that further improvement in technology and the performance of largescale clinical studies are needed before it can be used as a clinical diagnostic tool.
DETECTION OF CHROMOSOMAL ANEUPLOIDIES
The noninvasive prenatal diagnosis of trisomy 21 has been referred to by many working in the field as the holy grail in prenatal diagnosis. The discovery of fetal DNA in maternal plasma has opened up new possibilities for achieving this goal. However, this is a technologically challenging problem because the diagnosis of trisomy 21 requires the quantitative analysis of fetal chromosome dosage, which is made very difficult by the fact that cell-free fetal DNA represents only a minor fraction of the DNA in maternal plasma (61, 65) .
Enrichment of Fetal DNA
To overcome this difficulty, early approaches have focused on the possibility of enriching the fractional concentration of fetal DNA in maternal plasma. Following the finding that fetal DNA in maternal plasma is generally shorter than the circulating maternally derived DNA (11) , it was shown that targeting the shorter DNA molecules would allow the enrichment of the fractional fetal DNA concentration (54) . However, the degree of enrichment using this approach is relatively modest and has not yet made an impact on solving the problem of detecting fetal trisomy 21 from maternal plasma. Dhallan et al. (29, 30) have proposed that treating maternal blood samples with formaldehyde would reduce the liberation of DNA from maternal blood cells present in the maternal blood sample and would thus lead to a higher fractional concentration of fetal DNA in maternal plasma. However, a number of groups were unable to reproduce this result (17, 24) .
DNA Methylation-Based Approaches
Thus, instead of physically enriching the fractional concentration of fetal DNA, several groups have targeted circulating DNA molecules that bear fetal-specific biochemical signatures. In 2002, for example, it was proposed that one approach to selectively target fetal DNA molecules in maternal plasma would be to use differential DNA methylation patterns between the fetal and maternal DNA molecules (79) . This approach was demonstrated using a genomic region that exhibited genomic imprinting. Later, in 2005, it was shown that the promoter of the SERPINB5 gene (coding for maspin) was hypomethylated in the placenta and hypermethylated in maternal blood cells (16) . The hypomethylated SERPINB5 promoter region has thus become the first universal marker for fetal DNA in maternal plasma, i.e., one that can be used irrespective of fetal sex and genetic polymorphisms. As the SERPINB5 gene is present on chromosome 18, this marker has led to the detection of trisomy 18 from maternal plasma (89) . This report represented the first time that a fetal chromosomal aneuploidy was detected directly from maternal plasma DNA. The trisomy 18 status is determined for a fetus heterozygous for a SNP in the region that exhibits hypomethylation in the placenta and hypermethylation in the maternal blood cells. Thus, a euploid fetus will have an allelic ratio of 1:1, whereas a trisomic fetus will have a ratio of 2:1 or 1:2 (Figure 3) . This approach is called the epigenetic allelic ratio (EAR) approach. The limitation of this 
Figure 3
Schematic illustrations of epigenetic methods for the noninvasive prenatal detection of fetal chromosomal aneuploidies. The methods rely on the analysis of differentially methylated fetal DNA originating from the potentially aneuploid chromosome; for illustration purposes, a locus that is hypermethylated among the fetal DNA molecules is depicted. The maternal DNA molecules are shown in blue and the fetal DNA molecules are shown in red. The hypermethylated DNA molecules are associated with a filled circle, whereas the hypomethylated DNA molecules are associated with an unfilled circle. In the epigenetic allelic ratio (EAR) approach, the chromosome dosage is assessed by comparing the ratio of heterozygous hypermethylated fetal alleles. In the epigenetic-genetic (EGG) approach, the chromosome dosage is assessed by normalizing the amount of the hypermethylated fetal DNA to a fetal-specific genetic locus, for example, the Y chromosome for male fetuses. For the differentially methylated region (DMR) quantification method, the amount of the hypermethylated fetal DNA molecules in the test sample is compared with that of control samples.
approach is that it can be used only for a fetus that is heterozygous for the SNP, and thus multiple SNPs would be needed to achieve broad population coverage. However, such SNPs are difficult to find because they would need to be present within the genomic region exhibiting differential DNA methylation between the placenta and the pregnant mother's blood cells.
Since the development of the SERPINB5 marker, many other markers exhibiting differential DNA methylation between the placenta and maternal blood cells have been developed (14, 74, 76, 90, 91) . As hypomethylated markers would typically require the use of bisulfite conversion for their detection, with the concomitant risk of DNA degradation (43) , there is a recent emphasis on the search for hypermethylated fetal markers that can be detected by relatively simple methylation-sensitive restriction enzyme analysis (10, 90) . Despite the large number of such candidate fetal epigenetic markers, the number of markers that have been validated for detection and fetal-specificity in maternal plasma is relatively limited.
In an effort to overcome the limitations of the EAR approach, the epigenetic-genetic (EGG) chromosome dosage approach has been developed and used to detect trisomies 21 and 18 from maternal plasma (Figure 3) (88, 90, 91) . In this approach, a fetal-specific DNA methylation marker on the chromosome involved in the aneuploidy is detected together with a fetal-specific genetic marker in maternal plasma. The latter can be a marker on the Y chromosome (90) or on an autosome (88) . Compared with the EAR approach (89), the EGG method has the advantage that the epigenetic and genetic markers do not have to be within the same genomic region. It is thus much easier to address the population coverage issue with the EGG method as there are numerous fetal-specific SNP markers that one could use.
Papageorgiou et al. (77) have recently reported the use of a DNA methylation ratio method for detecting fetal trisomy 21 in maternal plasma (Figure 3) . This method uses methylated DNA immunoprecipitation (MeDIP) to precipitate hypermethylated sequences from maternal plasma. Real-time PCR is then used to measure, in the immunoprecipitated DNA, the concentration of sequences on chromosome 21 that have previously been determined to be hypermethylated in the placenta relative to maternal blood cells. The authors reported a remarkably high accuracy for this method in differentiating pregnancies with trisomy 21 fetuses and those with euploid fetuses. It is intriguing that they used maternal whole blood for their analysis instead of plasma; the fractional concentration of fetal DNA in maternal whole blood is much lower than that in maternal plasma. It would also be important to test the reproducibility and suitability of the MeDIP procedure for a high-volume prenatal screening test.
RNA-Based Approaches
Fetal mRNA was first reported to be present in maternal plasma in 2000 (80) . This was a surprising finding because RNA is generally less stable than DNA, and it was widely expected that any cell-free RNA in plasma would rapidly degrade. However, it has been subsequently shown that plasma RNA is particle-associated and thus might be protected from degradation (72) . With the demonstration that the placenta is an important source of circulating mRNA in the plasma of pregnant women (73), a systematic approach for the development of plasma mRNA for noninvasive prenatal diagnosis can be developed using microarray-based expression profiling of the placenta (93) . Through the use of such an approach, placenta-specific mRNA transcribed from the PLAC4 gene on chromosome 21 has been detected in maternal plasma (62, 92) . With the use of allelic ratio analysis of a SNP on the PLAC4 mRNA, fetal trisomy 21 has been detected in maternal plasma.
This approach, referred to as the RNA-SNP allelic ratio approach, is analogous to the EAR approach described above. As with the EAR approach, its main disadvantage is the need to use multiple SNP markers for broad population coverage, which has proven to be a challenge because of the difficulty of finding a sufficient number of such placenta-specific mRNA markers encompassing SNPs of high enough heterozygosity rates. Nonetheless, the RNA-SNP approach represents the first method that has achieved the direct noninvasive prenatal detection of fetal trisomy 21 from maternal plasma (62) . The RNA-SNP concept has also been shown to be feasible for the detection of trisomy 18 (95) . Apart from circulating mRNA in maternal plasma, recent data have also indicated the presence of placentally derived microRNA (miRNA) in maternal plasma (15) . Currently, it is not clear whether such circulating miRNA molecules could be used for the prenatal detection of fetal chromosomal aneuploidies.
Single-Molecule Counting Approaches: Digital Polymerase Chain Reaction and Massively Parallel Sequencing
For a pregnant woman carrying a fetus with trisomy 21, there would be a slight increase in
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the amount of DNA derived from chromosome 21 in maternal plasma compared with that from other chromosomes. The amount of increase is governed by the fractional concentration of fetal DNA. For example, for a maternal plasma sample containing a fractional fetal DNA concentration of 10%, the presence of a trisomy 21 fetus would lead to a 5% increase in the copy number of chromosome 21 in maternal plasma (36, 60) . One approach that can detect such a small increase is digital PCR, in which a DNA sample is analyzed by a series of PCRs such that each reaction would primarily contain either one target DNA molecule or no target DNA molecule (97) . The number of target DNA molecules in the original DNA sample is then measured by counting the number of positive PCRs. In this type of analysis, the precision of the method is governed by the number of reactions. It has been estimated that 7,680 digital PCRs would allow a DNA sample containing 25% trisomic fetal DNA to be classified correctly 97% of the time (60) . The use of digital PCR for the detection of fetal chromosomal aneuploidies has been demonstrated in principle using artificial mixtures of trisomy 21 and euploid DNA (36, 60) and in combination with approaches targeting selected populations of fetal-specific nucleic acid species, including mRNA (60, 92) and DNA methylation (88, 90, 91) markers.
One disadvantage of the digital PCR approach is that a plasma DNA molecule can be counted only if it contains the binding sites for both of the digital PCR primers. Owing to the random fragmentation of plasma DNA, a proportion of the plasma DNA molecules-e.g., those that are very short-would not be analyzed by a given digital PCR assay. Furthermore, in a particular DNA sample, only a very small proportion of the DNA molecules that are derived from the potentially aneuploid chromosome and targeted by the PCR primers would be analyzed. The rest of the molecules on that chromosome would not be analyzed and would thus be wasted.
The recent advent of massively parallel sequencing has provided a much more efficient method for analyzing maternal plasma DNA for aneuploidy detection (19, 35) . This approach entails the random sequencing of plasma DNA molecules using massively parallel sequencing, followed by alignment of the sequences to the human genome to identify each sequence's chromosome of origin (Figure 4) . The proportional representation of the potentially aneuploid chromosome is then compared with one or more reference chromosomes, or indeed with the entire genome. An increase in the proportional representation of the potentially aneuploid chromosome would indicate the presence of a trisomic fetus. In the first two reports on the use of massively parallel sequencing for the detection of trisomy 21, the sensitivity and specificity were both 100% (19, 35) . However, both studies involved relatively small sample sets. Furthermore, whereas Chiu et al. (19) studied samples from both before and after invasive procedures, Fan et al. (35) studied exclusively samples collected following invasive procedures. In actual clinical prenatal diagnostic scenarios, the samples would not have been subjected to prior invasive procedures; thus, the potential bias introduced by the invasive procedures used by Fan et al. would need to be further evaluated. In any case, large-scale clinical studies are needed to validate these results before massively parallel sequencing of maternal plasma DNA can be used diagnostically.
Over the past three years, a number of studies have been published on the use of massively parallel sequencing of maternal plasma DNA for trisomy detection (Table 1) (12, 18, 23, 32, 51, 75, 84) . The data from these studies are very consistent and indicate that as long as the number of aligned sequence reads is 2.3 million or above, the sensitivity and specificity for trisomy 21 detection would be ≥98.6% and ≥97.9%, respectively. As a result of these data, the noninvasive prenatal detection of trisomy 21 using massively parallel sequencing in maternal plasma became clinically available in the United States toward the end of 2011.
The detection of trisomies 18 and 13 using massively parallel sequencing from maternal plasma appears to be more challenging than that of trisomy 21, owing to the susceptibility of many current-generation massively parallel sequencing platforms to the effects of the GC contents of the DNA molecules to be sequenced (19, 23, 35) . However, with the appropriate bioinformatics algorithms (12, 37, 84) , it appears that trisomies 18 and 13 could be detected with high sensitivity and specificity ( Table 1) . The spectrum of fetal chromosomal abnormalities that can be detected from maternal plasma using massively parallel sequencing is likely to increase in the future. In this regard, it has been reported that Down syndrome due to Robertsonian translocation can be detected using this approach (66) . It has also been reported that a paternally inherited 4.2-Mb deletion on chromosome 12 could be detected using massively parallel sequencing of maternal plasma DNA (78) . However, it is important to note that the blood sample in this case was collected at 35 weeks of gestation and that the case had previously been subjected to amniocentesis at 21 weeks of gestation. Thus, the robustness and general applicability of this approach for the microdeletion syndromes would need to be validated in large-scale studies.
Fetal Genome-Wide Polymorphism and Mutational Profiling
With the rapid reduction in the cost of massively parallel sequencing, it has become increasingly relevant to ask how much of the fetal genome can be elucidated by the deep sequencing of DNA in maternal plasma. In 2010, Lo et al. (57) explored this question by sequencing maternal plasma DNA from a pregnant woman to a sequencing depth equivalent to 65-fold coverage of the haploid human genome (Figure 5a) . The father and pregnant mother of the fetus were both heterozygous carriers of β-thalassemia. To assist with the interpretation of the plasma DNA sequencing data, the authors obtained a genetic map of the paternal and maternal genomes by microarray-based SNP genotyping of genomic DNA obtained from the father and pregnant mother. The SNP combinations between the paternal and maternal genomes were then classified into different categories (Figure 5b) . Category 1 SNPs were those in which the father and mother were homozygous but for a different allele. For such SNPs, the fetus would be heterozygous and the paternally inherited allele could be used as a fetal genetic marker in maternal plasma. The percentage of category 1 SNPs in which a paternally inherited fetal allele could be seen from the maternal plasma DNA sequencing data could be used to estimate the proportion of the fetal genome that had been covered by the sequencing. Category 1 SNPs could also be used to measure the fractional concentration of fetal DNA in maternal plasma. Category 2 SNPs were those in which the father and mother were homozygous but for the same allele. Such SNPs could be used to estimate the sequencing error rate.
Category 3 SNPs were those in which the father was heterozygous and the mother was homozygous; such SNPs could be used to track the paternally derived inheritance of the fetus. Category 4 SNPs were those in which the father was homozygous and the mother was heterozygous; such SNPs could be used to track the maternally derived inheritance of the fetus. The elucidation of the paternally derived inheritance using category 3 SNPs was much simpler than the analysis of the maternally derived inheritance using category 4 SNPs because the former simply required searching for paternally inherited fetal alleles that were absent in the maternal genome in maternal plasma. The latter, however, required using a quantitative approach in which the inheritance of a maternally derived allele by the fetus may result in the overrepresentation of that allele in maternal plasma, similar to the RMD concept described above. However, as it would not be practical to cover a given SNP as many times as would be needed for RMD (typically on the order of 4,000 times), category 4 SNPs were analyzed as a haplotype, a process called relative haplotype dosage (RHDO) analysis (Figure 5c ) (57) . This requirement that haplotype information be available for the maternal
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genome would be more readily addressed with the development of a number of genome-wide approaches for direct haplotyping (38, 100) .
Category 5 SNPs were those in which both the father and the mother were heterozygous. The resolution of the fetal inheritance of such SNPs would require haplotype information on both the paternal and maternal genomes. Such SNPs would be especially useful for the prenatal diagnosis of autosomal recessive disorders in consanguineous marriage as the haplotype structure in the genomic region carrying a disease-causing gene is likely to be similar for the father and the mother, and thus heterozygosity in the paternal genome in one SNP would likely be mirrored by heterozygosity in the maternal genome in the same SNP.
Lo et al. (57) demonstrated that the maternal plasma DNA sequencing data could be analyzed to obtain a genome-wide genetic map of the fetus for SNPs in categories 1-4. Category 5 SNPs were not analyzed in the study owing to the unavailability of the paternal haplotype information. The authors also showed that the maternal plasma DNA sequencing data could be used to demonstrate that the fetus was a heterozygous carrier for β-thalassemia, having inherited the HBB mutation from the father and the wild-type HBB gene from the mother.
The main disadvantage of this approach is that it is still relatively expensive to perform such an extensive sequencing of maternal plasma DNA. The recent demonstration that targeted massively parallel sequencing using an in-solution hybridization capture system would allow one to capture fetally and maternally derived DNA in a given genomic region with little bias has opened up the possibility of using this approach to target genomic regions involved in genetic diseases common in a particular population (55) . This strategy would potentially greatly reduce the cost of implementing the scanning of selected genomic regions for the noninvasive prenatal diagnosis of genetic diseases as a clinical tool.
ETHICAL, LEGAL, AND SOCIAL ISSUES
The development of noninvasive prenatal tests based on the analysis of cell-free fetal nucleic acids in maternal plasma has raised many ethical, legal, and social issues (5, 27, 42) . One concern is whether the availability of safe and noninvasive prenatal tests would lead to more pregnant women opting for prenatal testing, and as a consequence might increase the number of subsequent abortions. If indeed more pregnant women would choose noninvasive testing, then it would be important to ensure that there would be a sufficient number of trained genetic counselors for provision of such a service. Another concern is the spectrum of conditions that would be tested in this fashion. Currently, the main applications of such noninvasive prenatal tests are for medical conditions that could have severe morbidities, e.g., fetal chromosomal aneuploidies, severe monogenic Obtain genotype data from paternal DNA and haplotype data from maternal DNA.
Compare the maternal and paternal genotypes at each polymorphic locus and assign SNP category.
Sequence maternal plasma DNA, align the sequence tags to the reference human genome, and locate the SNP alleles.
Determine the paternally inherited sequences in the fetal genome by identifying the category 3 SNP allele present in maternal plasma.
Determine the maternally inherited haplotype by relative haplotype dosage (RHDO) analysis using the category 4 SNPs. (c) Schematic illustration of the RHDO method. This panel shows distributions of haplotypes containing the normal/ wild-type (N) or mutant (M) alleles in the plasma of a carrier female pregnant with a normal fetus. The fetal DNA molecules in the maternal plasma sample are enclosed by the green dashed line. The circle shows the number of sequenced reads obtained for each allele of the respective informative loci. A sequential probability ratio test (SPRT) is performed to statistically compare whether either of the haplotypes is overrepresented. The counts of alleles on the same haplotype are accumulated until a sufficient statistical confidence is reached for SPRT classification. Abbreviations: Hap N, haplotype containing the normal allele; Hap M, haplotype containing the mutant allele. disorders, and blood group incompatibilities. However, there is a worry by some parties that individual providers of such tests might use the technology for nonmedical indications, e.g., for sex selection and paternity testing (98) . This is of especial concern given that certain companies have been reported to offer directto-consumer testing of fetal sex using such technologies (6, 49) . Another issue that would need to be explored is the source of funding for providing such tests, which will vary from country to country. In countries with a predominantly publicly funded health care system, the cost-effectiveness of using nucleic acidbased noninvasive prenatal diagnosis would be subjected to much scrutiny (45) . In view of all of these issues, it is important to ensure that research into the ethical, legal, and social issues of noninvasive prenatal diagnosis parallels the rapid technological developments in this field.
CONCLUSION
The past 15 years have witnessed an extraordinary pace of development for nucleic acid-based noninvasive prenatal diagnosis. Biologically, the fundamental parameters concerning the presence of cell-free fetal nucleic acids in maternal plasma-e.g., molecular size, gestational variation of concentrations, and clearance following delivery-have been elucidated. Diagnostically, this phenomenon has been demonstrated to be applicable to prenatal testing for selected monogenic traits, fetal chromosomal aneuploidies, and even fetal genome-wide genetic and mutational profiling. Remarkably, a number of these applicationsnotably fetal sexing for sex-linked disorders and congenital adrenal hyperplasia, fetal RHD genotyping, and trisomy 21 detection-have been validated and used clinically within a short span of time. It is thus expected that with time, this technology will play an increasingly important role in prenatal testing, making such testing safer for the fetuses and less stressful for the pregnant women and their families. Future research would further expand the spectrum of disorders that can be detected or monitored using this technology. In particular, the development of new markers for two common pregnancy-associated disorders, preeclampsia and preterm labor, would be a research priority. An intriguing area to explore will be the possible biological functions of circulating fetal nucleic acids in maternal plasma; the presence of circulating placentally derived miRNA in maternal plasma would be particularly interesting when investigating the potential functionality of such molecules. Finally, it is important that our understanding of the ethical, legal, and social aspects of this field catch up with the technological and scientific developments.
SUMMARY POINTS
1. Cell-free fetal DNA and RNA molecules are present in the plasma of pregnant women.
2. Circulating fetal DNA molecules consist of short DNA fragments derived from the nucleosome.
3. Paternally inherited fetal DNA sequences can be detected in maternal plasma for fetal sexing and fetal RHD genotyping.
4. Prenatal diagnosis of fetal monogenic diseases can be made by precise allelic ratio measurement of the mutant and wild-type alleles using molecular counting technologies such as digital PCR.
5. Massively parallel sequencing of maternal plasma DNA allows the robust detection of fetal trisomies 21, 18, and 13, resulting in the clinical availability of this technology for detection of fetal trisomy 21 in late 2011.
